Although the biochemical mechanisms underlying learning and memory have not yet been fully elucidated, mounting evidence suggests that activation of protein kinases and phosphorylation of their downstream effectors plays a major role. Recent findings in our laboratory have shown a requirement for the mitogen-activated protein kinase (MAPK) cascade in hippocampal synaptic plasticity. Therefore, we used an inhibitor of MAPK activation, SL327, to test the role of the MAPK cascade in hippocampus-dependent learning in mice. SL327, which crosses the blood-brain barrier, was administered intraperitoneally at several concentrations to animals prior to cue and contextual fear conditioning. Administration of SL327 completely blocked contextual fear conditioning and significantly attenuated cue learning when measured 24 hr after training. To determine whether MAPK activation is required for spatial learning, we administered SL327 to mice prior to training in the Morris water maze. Animals treated with SL327 exhibited significant attenuation of water maze learning; they took significantly longer to find a hidden platform compared with vehicle-treated controls and also failed to use a selective search strategy during subsequent probe trials in which the platform was removed. These impairments cannot be attributed to nonspecific effects of the drug during the training phase; no deficit was seen in the visible platform task, and injection of SL327 following training produced no effect on the performance of these mice in the hidden platform task. These findings indicate that the MAPK cascade is required for spatial and contextual learning in mice.
Introduction
One of the most intriguing and intensely studied questions facing contemporary neuroscientists involves the elucidation of the physiological mechanisms that underlie learning and memory. Two paradigms that have been used extensively in studying learning are the conditioned fear task (LeDoux 1995) and the Morris water task (Morris 1981) . In fear conditioning, animals learn to associate neutral stimuli with an aversive one, such as a foot shock. In the spatial learning version of the Morris water task, animals learn to locate a hidden escape platform in a pool of water using various distal visual cues. Hippocampal lesions have been shown to produce learning deficits in variants of both of these tasks in mice (Logue et al. 1997) .
Although evidence from studies of hippocampal synaptic plasticity and of the behaving animal suggest that activation of protein kinases may contribute to the formation of memories (Silva et al. 1992; Abeliovich et al. 1993; Atkins et al. 1998; Berman et al. 1998) , the underlying signal trans-duction mechanisms remain largely unknown. We observed previously that activation of the mitogenactivated protein kinase (MAPK) cascade is required both in the induction of a long-lasting form of hippocampal synaptic plasticity (English and Sweatt 1997) and in associative learning in the rat (Atkins et al. 1998 ). In the first study, a high-frequency stimulation paradigm that reliably produces robust long-term potentiation (LTP) was delivered to Schaffer collateral inputs to area CA1 of the hippocampus. This stimulation activated the p42 isoform, but not the p44 isoform of MAPK. In addition, pretreatment of hippocampal slices with an inhibitor of MAPK activation significantly attenuated the induction of LTP. The p42 isoform of MAPK was also activated following training with a fear-conditioning protocol. Inhibition of MAPK activation in rats abolished both contextual and cue learning. To extend these findings, we investigated the contribution of the MAPK cascade to spatial learning.
The MAPK cascade has been studied extensively in the context of cell proliferation and differentiation. The classic cascade consists of at least three protein kinases beginning with the serine/ threonine kinases Raf-1 or B-Raf. Phosphorylation by either of these kinases leads to activation of the MAP kinase kinase (MEK). MEK, in turn, is a dedicated dual-specificity kinase that phosphorylates and thereby activates only MAPK (Seger and Krebs 1995) . To investigate the role of MAPK activation in the nervous system, we have previously used a selective inhibitor of MEK, SL327 (Atkins et al. 1998; Favata et al. 1998) . SL327 is active in the central nervous system when administered peripherally, and selectively blocks activation of MAPK by MEK. In the present study, we used this inhibitor to investigate the role of MAPK activation in conditioned fear and spatial learning in mice.
Materials and Methods

SUBJECTS
Adult male 129S3/SvImJ mice (formerly 129/ Sv+p+Tyr-c+Mgf-SlJ /J; Jackson Laboratory, Bar Harbor, ME) were used in all experiments. Animals were housed on a 12 hr-light/dark schedule. All experiments were performed in accordance with the Baylor College of Medicine Institutional Animal Care and Use Committee and with national regulations and policies. SAMPLE PREPARATION Animals were injected intraperitoneally (i.p.) with either SL327 (2 ml/kg, dissolved in 100% DMSO) or vehicle (2 ml/kg, 100% DMSO). In the time course study, animals were sacrificed at various time points after injection (0, 30, 60, 80, 100, 120, or 180 min post-injection) . The brains were immediately removed and perfused with ice-cold saline (125 mM NaCl, 2.5 mM KCl, 1.25 mM NaH 2 PO 4 , 25 mM NaHCO 3 , 25 mM D-glucose, 2 mM CaCl 2 , 1 mM MgCl 2 , saturated with 95% O 2 /5% CO 2 at pH 7.4). Hippocampi were dissected, then homogenized in 2 ml of buffer (20 mM Tris-HCl at pH 7.5, 1 mM EGTA, 1 mM EDTA, 25 µg/ml aprotonin, 25 µg/ml leupeptin, 1 mM Na 4 P 2 O 7 , 500 µM PMSF, 4 mM paranitrophenylphosphate, 1 mM sodium orthovanadate). Sample buffer containing SDS and ␤-mercaptoethanol was immediately added to the homogenate, and the samples were boiled at 95°C for 10 min. Samples were electrophoresed on a 10% SDSpolyacrylamide gel, blotted electrophoretically to Immobilon-P, and blocked in TTBS buffer (50 mM Tris-HCl at pH 7.5, 150 mM NaCl, 0.05% Tween-20). Western blots were blocked in TTBS with 3% BSA. The following primary antibodies were used: activated MAPK (1:1000; New England Biolabs, Beverly, MA) and total MAPK (1:3000; UBI, Baltimore, MD). All blots were incubated with a secondary antibody conjugated to horseradish peroxidase (1: 30,000) and developed by the enhanced chemiluminescence method (Amersham, Piscataway, NJ). To assess for changes in the activation of MAPK, phosphorylation levels were normalized relative to the corresponding total MAPK amount. The density of each band was quantified by a StudioScan desktop scanner with NIH Image software. Western blots were developed to be linear in the range used for densitometry. DuPont Pharmaceuticals Research Laboratories generously provided SL327, a structural analogue of U0126.
PROTEIN KINASE ASSAYS
Protein kinase assays were performed as described in Chen et al. (1993) . All kinase assays were started by adding enzyme to a mixture that included [␥- 32 P]ATP (Amersham) and substrate. This mixture was then incubated at 30°or 37°C for 10 min. The reaction was stopped by spotting aliquots of the reaction mixture onto Whatman P-81 phosphocellulose filter paper. The papers were then washed in 150 mM H 3 PO 4 , dried, and subjected to scintillation counting. The catalytic subunit of PKA was assayed by measuring [ 32 P]phosphate incorporation into the substrate Kemptide (100 µM). The activity of CaMKII was determined by measuring phosphorylation of the synthetic peptide Autocamtide (100 µM) in the presence of 100 µM calcium and 10 µg/ml calmodulin. A synthetic peptide analog of a fragment of neurogranin, NG (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) (10 µM; Chen et al. 1993 ) was used as a specific substrate for the catalytic subunit of PKC. In all cases, substrate phosphorylation was linear with respect to time and enzyme concentration.
FEAR CONDITIONING
In the 1×-pairing paradigm of cue and contextual fear conditioning, animals were placed in the fear conditioning apparatus for 3 min, then a 30-sec acoustic conditioned stimulus (CS; white noise, 80 dB) was delivered. During the last second of the CS, a 1-sec shock unconditioned stimulus (US; 0.5 mA) was applied to the grid floor. To assess contextual learning, the animals were returned to the training context 24 hr post-training, and freezing behavior was scored for 5 min. To assess cue learning, the animals were placed in a different context (novel odor, lighting, cage floor, and visual cues) following contextual testing. Baseline behavior was measured for 3 min in the novel context (Pre-CS), then the tone was presented for 3 min. Freezing behavior was assessed with a time sampling procedure whereby the animal was observed for ∼1 sec every 5 sec. The experimenter was blind to drug treatment. Animals were injected with either vehicle (2 ml/kg, 100% DMSO) or SL327 (10, 30, and 50 mg/kg; at 2 ml/kg, dissolved in 100% DMSO) intraperitoneally 1 hr before training.
For the 3x-pairing paradigm, 20-sec acoustic CS-US pairings were given three times. There was a 60-sec interval between each CS-US pairing. All other aspects of this protocol were the same as in the 1x-pairing paradigm.
MORRIS WATER MAZE
Naïve mice (8-10-weeks old) were trained in the Morris water task to locate a hidden escape platform in a circular pool (1.38 m Nalge pool) of opaque water with distal visual cues outside of the pool. Mice were injected 30 min before training with either 30 mg/kg SL327 (2 ml/kg) or vehicle (2 ml/kg; 100% DMSO). Each mouse was given two blocks of four trials a day for 5 consecutive days. Subjects were released into the pool from one of four starting positions, and the location of the platform remained constant throughout training. Time to find the escape platform (escape latency) was measured. Following blocks 8 and 10, probe tests were given. In the probe test, the platform was removed and animals were allowed to search the pool for 60 sec. Quadrant search time and platform crossings were assessed to characterize a subject's search behavior during the probe trial. The quadrant search measure was obtained by dividing the pool into four equal quadrants, then measuring the amount of time that the subject spent searching in each quadrant. The platform crossing measure was the number of times a subject crossed the exact place where the platform had been located during training. For comparison, the number of times a subject crossed the equivalent location in the other quadrants was determined. Data from the two probe trials were averaged. On the sixth day, animals that had been administered vehicle for the first 5 days were now injected with SL327 and the animals treated previously with SL327 were injected with vehicle. Two more blocks of training were given followed by another probe trial.
Another set of vehicle-and SL327-treated mice were trained on the visible platform task. In this test, animals were required to locate a platform whose position was marked by a post extending 10 cm out of the water, topped by a large black cube (∼450 cm 3 ). The location of the platform remained constant throughout training. Training consisted of two blocks of four trials a day for 3 consecutive days. Escape latencies were determined for each trial and probe tests were given following blocks 4 and 6 on days 2 and 3, respectively.
Results
MAPK ACTIVATION IS BLOCKED BY SL327 IN VIVO
We observed previously that 100 mg/kg SL327 crosses the blood-brain barrier in rats and effectively attenuates basal levels of activated MAPK in the rat central nervous system (Atkins et al. 1998 ).
To begin this study, we determined the most effective dosage of SL327 for peripheral administration in mice.
Mice were injected with various concentrations of SL327 (10, 30, 50 mg/kg i.p.), and 1 hr later their hippocampi were removed and assayed for activated MAPK (Fig. 1A) . Using an antibody
for dually phosphorylated and thus activated MAPK, we observed greater basal phosphorylation of the p42 isoform than the p44 isoform in the hippocampus, as we have observed previously in rats Sweatt 1996, 1997; Atkins et al. 1998) . SL327 attenuated phosphorylated MAPK levels in a dose-dependent manner. Administration of 10, 30, or 50 mg/kg SL327 significantly attenuated p42 phospho-MAPK levels (F = 20.90, P < 0.0001; Newman Keuls post hoc comparison, 10 mg/kg SL327 vs. vehicle, P <0.05, and 30 and 50 mg/kg SL327 vs. vehicle, P <0.001). Injection with 30 or 50 mg/kg SL327 also significantly reduced p44 phospho-MAPK levels (F = 5.627, P < 0.005; Newman-Keuls post hoc comparison, 30 mg/kg vs. vehicle, P < 0.05, and 50 mg/kg SL327 vs. vehicle, P < 0.01). There was no concurrent decrease in total MAPK levels with either of these drug concentrations. These results indicate that 10, 30, and 50 mg/kg SL327 injected intraperitoneally can cross the blood-brain barrier in the mouse at concentrations sufficient to block MAPK activation in vivo. Next, we determined the time course of the drug's effect on MAPK activation. Following injection with 30 mg/kg SL327, mice were sacrificed at various time points and their hippocampi were assayed for activated MAPK. Thirty minutes after the injection, activated MAPK levels for both the p42 (Fig. 1B ) and the p44 (data not shown) isoforms were lower than baseline measurements taken from mice sacrificed immediately after injection. Phospho-MAPK in the hippocampus remained at this low level until 100 min post-injection, whereafter levels began to rise slightly. Activated kinase levels were, however, still reduced compared with 
MAPK CASCADE IN SPATIAL LEARNING
baseline 3 hr after injection, the latest time point tested. There was no change in the level of total MAPK for either isoform during the 3 hr following drug injection (Fig. 1B) . These results suggest that SL327 is most effective in blocking MAPK activation between 30 min and 2 hr after injection. All of the training in the behavioral studies therefore took place during this time window.
KINASE INHIBITION BY SL327 IS SPECIFIC TO MAPK
For the results of these studies to selectively implicate the MAPK cascade in learning, the specificity of SL327 for MEK was investigated. Prior results implicate cAMP-dependent protein kinase (PKA), calcium/calmodulin-dependent protein kinase II (CaMKII), and protein kinase C (PKC) in hippocampus-dependent learning (Silva et al. 1992; Abeliovich et al. 1993; Bourtchuladze et al. 1994; Wolfman et al. 1994; Nogues et al. 1996; Paylor et al. 1996; Mansuy et al. 1998 ). We tested whether SL327 could inhibit these other kinases. Kinase activity was assessed by measuring the incorporation of [ 32 P]phosphate during phosphorylation of substrate peptides specific for each kinase. Although SL327 inhibits MEK with an IC 50 of 0.27 µM (J.M. Trazskos, pers. comm.), 10 µM SL327 had no significant effect on PKA (control = 8.76 ± 1.71 pmole/min, 10 µM SL327 = 8.37 ± 0.71 pmole/min; F = 0.053, P > 0.05), CaMKII (control = 8.52 ± 0.77 pmole/ min, 10 µM SL327 = 7.39 ± 0.37 pmole/min; F = 1.251, P >0.05), or PKC (control = 1.31 ± 0.33 pmole/min, 10 µM SL327 = 1.15 ± 0.20 pmole/ min; F = 0.02, P > 0.05). These results suggest that effects of the drug are not due to inhibition of PKA, PKC, or CaMKII.
SL327 BLOCKS CONTEXTUAL FEAR CONDITIONING AND ATTENUATES CUE LEARNING
Next, we investigated whether MAPK activation is necessary for fear conditioning in the mouse. SL327 was administered intraperitoneally at several concentrations to subjects 1 hr prior to cue and contextual fear conditioning. For these experiments, an aversive stimulus (in this case, a mild foot shock) was paired either once or three times with an auditory CS within a novel environment. When tested 24 hr after training, control mice exhibited marked fear, measured by freezing behavior, in response to re-presentation of either the context or the auditory CS delivered in a different context.
Compared with vehicle, administration of SL327 before training with the single pairing protocol altered both contextual and cue conditioning in a dose-dependent manner. Injection with either 10 mg/kg or 30 mg/kg SL327 prior to one pairing of CS and shock completely blocked contextual learning (F = 8.491, P <0.005; Newman-Keuls post hoc comparison, both SL327 concentrations less than vehicle, P <0.01) (Fig. 2B, left) . By use of the 1×-pairing paradigm, cue learning was also attenuated by either 10 mg/kg or 30 mg/kg SL327 (F = 8.342, P <0.005; Newman-Keuls post hoc comparison, 10 mg/kg SL327 vs. vehicle, P <0.05, and 30 mg/kg SL327 vs. vehicle, P <0.01) (Fig. 2B,  right) .
When a more intense training protocol was used, SL327 only impaired contextual learning. Following three CS-US pairings, both 10 mg/kg and 30 mg/kg SL327 significantly attenuated freezing in response to the context (F = 7.438, P <0.005; Newman-Keuls post hoc comparison, 10 mg/kg SL327 vs. vehicle, P <0.05, and 30 mg/kg SL327 vs. vehicle, P <0.01) (Fig. 2C, left) . There was no significant difference in freezing between animals treated with vehicle, 10, and 30 mg/kg SL327 in response to the cue delivered in a different context (F = 1.882, P >0.05) (Fig. 2C, right) .
To assess baseline behavior, we monitored the activity of SL327-treated animals during the training phase. SL327 produced no effect on baseline freezing behavior prior to presentation of the foot shock on the training day (minutes 1-3 in Fig. 2A ; P >0.05). There was also no difference in pain sensitivity as measured by freezing on the training day in response to one application of the foot shock (minutes 4-6 in Fig. 2A ; P >0.05). Thus, inhibition of learning by SL327 did not result from a change in foot shock sensitivity.
We observed that higher doses of SL327 (50, 75, and 100 mg/kg) tended to affect freezing behavior prior to the foot shock (data not shown). Therefore, for the remainder of the study, 30 mg/ kg was the highest concentration of SL327 tested.
As an additional test of the effects of MEK inhibition on general activity levels and to test for anxiolytic effects of the drug, animals were monitored by the open-field test. With this test, we observed that 30 mg/kg SL327 had no effect on general activity levels (P >0.05), evaluated by measurements of horizontal activity, vertical activity, and
total distance traveled during the 10 min test session. The open field test also measures anxiety levels, as assessed by the center distance to total distance ratio. Injection with 30 mg/kg SL327 produced no anxiolytic effects in these mice (P >0.05). These results suggest that the baseline behavior of mice was not altered by treatment with 30 mg/kg SL327.
SL327 IMPAIRS SPATIAL LEARNING
Having observed that activation of the MAPK cascade is necessary for the hippocampus-dependent associative learning task, contextual fear conditioning, we investigated a role for the MAPK cascade in spatial learning. We tested the effect of SL327 on performance in the Morris water maze, a hippocampus-dependent spatial learning task in which mice are required to learn to locate an escape platform in a pool of water using visual cues surrounding the maze (Morris 1981) . Mice were administered 30 mg/kg SL327 30 min before training in the water maze. Training consisted of two blocks of four trials a day with an interblock interval of ∼1 hr. The training was given for 6 consecutive days in the hidden platform version of the task Baseline behavior (before presentation of the tone) and shock response (after the foot shock) were similar for all groups. (B) Mice given SL327 (10 mg/kg, n = 5 or 30 mg/kg, n = 7) showed significant reductions in freezing to the context 24 hr after receiving one pairing of tone and shock as compared with animals injected with vehicle (n = 6), left. Administration of 10 or 30 mg/kg SL327 was also sufficient to significantly attenuate freezing to the cue (CS-PreCS), right. (C ) When animals were trained with three pairings of tone and foot shock, 10 mg/kg and 30 mg/kg SL327 (10 mg/kg, n = 6 or 30 mg/kg, n = 7) blocked freezing to the context compared with vehicle (n = 10), left. The additional pairings of tone and shock eliminated any effect of SL327 on freezing in response to the cue, right. There was no difference between the PreCS values for any of the groups with either the 1× or 3× paradigms. (**) P <0.01; (*) P <0.05.
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and for 3 consecutive days in the visible platform version. We chose 30 mg/kg SL327 on the basis of the efficacy of this dosage in blocking MAPK activation in vivo and the lack of nonspecific effects in the fear conditioning paradigm.
In the hidden-platform version of the Morris water maze task, mice injected with vehicle displayed significant improvement in their performance over the 10 blocks of training trials (F = 4.4, P <0.0001) (Fig. 3A) , whereas SL327-treated mice showed impairments in escape latency. SL327-treated mice took significantly longer to locate the escape platform than did control mice (F = 33.19, P <0.0001).
To determine whether animals were using a spatial learning strategy to locate the escape platform, the mice were subjected to probe trials after training on days 4 and 5 (Fig. 4A) . Vehicle-treated mice spent significantly more time searching in the trained quadrant than in each of the other three quadrants (F = 7.159, P <0.001; Newman-Keuls post hoc comparisons, trained more than all other quadrants, P <0.01). They also crossed the place where the platform had been located during training significantly more often than the corresponding place in the other quadrants (F = 13.82, P <0.0001; Newman-Keuls post hoc comparison, trained more than all other quadrants, P <0.001). Thus, vehicle-treated mice selectively searched in the correct quadrant. However, SL327-treated animals did not spend significantly more time in the trained quadrant than the other quadrants (F = 0.406, P > 0.05). They also did not cross the platform region in the trained quadrant more often than equivalent sites in the other quadrants (F = 1.769, P > 0.05). Therefore, SL327 prevents the development of a selective search strategy. Representative traces for both vehicle-and SL327-treated mice are shown in Figure 5 , illustrating the lack of a selective search in SL327-treated mice. Overall, these results suggest that blocking MAPK activation impairs performance on a spatial learning task.
As a test to determine whether SL327 was actually impairing learning rather than merely interfering with execution of the task, the drug and control groups were reversed on day 6: Animals that had been administered vehicle for the first 5 days were now injected with SL327, and SL327-treated animals were given the vehicle. If the drug (A) Average escape latency during training on the hidden platform task. Performance for mice injected with vehicle (n = 13) improved over the course of the training. SL327-treated mice (n = 11) took significantly longer to locate the escape platform. The dark vertical line between blocks 10 and 11 represents the drug switch on day 6. On that day, SL327-trained mice (᭝) received DMSO (n = 9), whereas DMSO-trained animals (᭹) received SL327 (n = 11). (B) Average escape latency during training on the visible platform task. Performance for both mice treated with SL327 (n = 5) and those treated with vehicle (n = 5) improved during training and there was no significant difference between the two groups. Although it is not necessary for the performance of the task, rats trained on the fixed visible platform task develop a cognitive map of the platform's location in relation to the visual cues outside the pool (R. Paylor, unpubl.) . When the platform is removed and a probe test is given, these animals display a selective search strategy. Because we trained our mice using a fixed visible platform paradigm, we investigated whether these animals also passively acquired this spatial information. Neither SL327-treated nor vehicle-treated animals searched for the platform selectively during probe tests given after training on days 2 and 3 (data not shown).(᭺) Control; (᭡) SL327. was altering the perceptual or motor abilities of the animals, administration of SL327 on day 6 should impair the performance of vehicle-trained mice. The performance of mice trained with vehicle did not deteriorate after injection of SL327 on day 6 (Fig. 3A) . In addition, mice trained with SL327, but injected with vehicle on day 6 still performed significantly worse than vehicle-trained animals with respect to escape latency (Fig. 3A) .
A probe test was also given following the training session on day 6 to test the effect of SL327 on general cognitive abilities. Again, if the drug was having effects nonspecific to learning, control animals given SL327 might no longer search selectively for the escape platform. Animals receiving vehicle on days 1-5 and SL327 on day 6 still utilized a selective strategy in searching for the missing platform as measured by quadrant search time (F = 4.496, P <0.05; Newman-Keuls post hoc comparison = trained more than two other quadrants, right and opposite, P <0.05) and platform crossings (F = 5.94, P <0.005; Newman-Keuls post hoc comparison = trained more than all other quadrants, P <0.05) (Fig. 4B) . These data show that SL327 is not producing acute nonspecific effects on the animal's cognitive abilities. As an additional control, we monitored the swimming behavior of each animal during the probe trials to determine whether SL327 affected general mobility. We observed no significant difference in total path length or swim velocity between control and SL327-treated mice (data not shown, P >0.05). The re- During the probe trials on days 4 and 5, mice treated with vehicle (n = 13) spent significantly more time searching in the trained quadrant and crossed the platform area in the trained quadrant more frequently than in any of the alternate quadrants. However, mice injected with 30 mg/kg SL327 (n = 11) did not exhibit a selective search strategy. There was no significant difference between the time spent in the trained quadrant and platform crossings as compared with the other quadrants. (B) The drug treatment was switched on day 6; animals who had received SL327 during the first 5 days now received vehicle and vice versa. The vehicle-trained mice (n = 11) still exhibited a selective search strategy after injection with SL327 on day 6. SL327-trained mice (n = 9) who were administered vehicle on day 6, did not display a selective search strategy. (***) Significantly larger (P <0.01) than all three of the other quadrants.
sults of these experiments suggest that the failure of SL327-treated animals to search selectively during the probe trials represents a learning deficit and not an impairment in the expression of a learned behavior. The day-6 drug switch experiment also tested the role for MAPK in the maintenance of spatial memory. Although injecting SL327 before training (days 1-5) significantly impaired spatial learning compared with controls, administration of SL327 to animals that had already learned the task (day 6) had virtually no effect on performance. The lack of retrograde amnesia seen in these subjects shows that the MAPK cascade is involved in the formation and not the maintenance of spatial memories.
To control for motivational factors and perceptual and motor abilities, we tested another group of animals in the visible platform version of the Morris water maze task. The performance of mice treated with 30 mg/kg SL327 was not significantly different from that of vehicle-treated mice (Fig.  3B) . These data suggest that the impairments seen in the hidden platform version were not due to drug effects on motivation or motor abilities.
Discussion
ROLE FOR MAPK CASCADE IN LTP AND LEARNING
A rapidly expanding body of evidence implicates the MAPK cascade in synaptic plasticity; in particular, MAPK has been shown to play a role in hippocampal LTP. Standard LTP-inducing tetanic stimulation activated the p42 isoform of MAPK in area CA1 of the hippocampus (English and Sweatt 1997) , and pretreatment with the MEK inhibitors PD098059 (English and Sweatt 1997; Coogan et al. 1999) , U0126 (Impey et al. 1998 ), or SL327 (Atkins et al. 1998 ) markedly attenuates the induction of LTP. LTP is a long-lasting, use-dependent increase in synaptic efficacy elicited by high-frequency stimulation. Both LTP and memory can be defined as persistent changes resulting from transient stimuli, and biochemical changes accompanying LTP correlate closely with those involved in learning (Atkins et al. 1998; Berman et al. 1998; Stevens 1998) . The present studies are consistent with the hypothesis that LTP may represent a physiological mechanism underlying learning and memory.
Recent findings have also implicated the MAPK cascade in other forms of synaptic plasticity and learning in a variety of systems. Long-term facilitation of the sensory-motor neuron synapse in Aplysia causes translocation of MAPK into the nucleus of presynaptic neurons. Furthermore, inhibition of MAPK by either anti-MAPK antibodies or PD098059 blocks long-term, but not short-term, facilitation of the sensory-motor synapse Michael et al. 1998) . MAPK is also acti- Mice treated with SL327 failed to exhibit a spatial strategy when searching for the platform during probe trials. A selective search strategy is one in which the subject spends significantly more time searching in the trained quadrant than in the other three quadrants. The subject must also cross the area where the platform had been during the training sessions significantly more often than they cross the corresponding areas in the other quadrants. (A) Representative probe trial of a vehicle-treated mouse. The swim path trace shown here provides an excellent example of a selective search. This particular subject was trained with the platform located in the northeast quadrant. During the probe trial, this mouse spent 56% of the time in the correct quadrant and crosses the exact area where the platform had been nine times. (B) Representative probe trial of an SL327-treated mouse. This trace does not represent a selective search. This mouse was trained with the platform in the northwest quadrant, but during the probe trial, the subject crossed this platform area only once and spent 32% of the time in this quadrant (vs. 34% in the opposite quadrant).
vated during an in vitro Pavlovian conditioning paradigm in Hermissenda, and this activation is blocked by pretreatment with PD098059 (Crow et al. 1998) . Similarly, MAPK is activated in response to a novel taste, and infusion of PD098059 into the insular cortex of rats attenuates conditioned taste aversion (Berman et al. 1998 ).
In addition, genetic manipulations of upstream members of the cascade that leads to MAPK activation also engender learning impairments. The Drosophila mutant leonardo lacks 14-3-3, a protein important in the activation of Raf-1 (MAPKKK) by Ras, and shows learning-related impairments (Boradie et al. 1997 ). Mice lacking Ras-GRF, which is a guanine-nucleotide exchange factor that induces Ras activation, display impairments in cue fear conditioning and abnormal amygdalar LTP (Brambilla et al. 1997) . However, these mice show normal hippocampal function and no significant deficits in spatial learning.
MAPK IN MAMMALIAN ASSOCIATIVE LEARNING-FEAR CONDITIONING
Our laboratory has reported recently that the MAPK cascade is also required for fear conditioning in the rat (Atkins et al. 1998) , as has also been observed by Schafe et al. (1999) . In the study by Atkins et al. (1998) , hippocampal MAPK activation increased 1 hr after training with a fear-conditioning protocol. This increased MAPK activation was prevented by injection of the NMDA antagonist MK801, a drug that blocks both LTP and fear conditioning (Coan et al. 1987; Bordi et al. 1996) . The NMDA receptor-mediated activation of MAPK was required for learning, as inhibiting MAPK activation by intraperitoneal administration of SL327 blocked both contextual and cue learning in the rat.
As mice have become a standard genetic and behavioral model, we undertook studies on the role of MAPK in learning in mice. In the current study, SL327 injected systemically crossed the blood-brain barrier at concentrations sufficient to inhibit basal levels of MAPK activation, and could effectively eliminate contextual learning in mice as it did in rats (Atkins et al. 1998) . Administration of the drug also significantly attenuated cue learning, although SL327-treated mice did display considerable freezing in response to the white noise following its pairing with a foot shock. Having shown a requirement for the MAPK cascade in contextual fear conditioning, we next investigated its role in another hippocampus-dependent task, spatial learning.
SPATIAL LEARNING REQUIRES MAPK ACTIVATION
Mice trained in the Morris water maze following administration of SL327 showed significant spatial learning deficits. Mice treated with SL327 took significantly longer to locate the escape platform during training compared with vehicle-treated controls. Furthermore, the drug-treated animals were impaired on the probe trials suggesting that SL327 impairs spatial learning performance. These results show a necessity for MAPK activation in spatial learning.
These findings are consistent with those reported in Blum et al. (1999) who reported that behavioral training in the Morris water maze increased phosphorylation of MAPK in pyramidal cells of the CA1/CA2 subfield of the dorsal hippocampus. They also showed a necessity for MAPK activation for spatial learning in rats. However, they saw an effect of PD098059 infused into the hippocampus only on the first retention trial 48 hr after training. These differences could be due to different training or testing paradigms, species of test subjects, or differences in the efficacy and time course of MAPK inhibition by SL327 versus PD098059. One particularly intriguing possibility to explain the different observations is the locus of the drug effect. Whereas Blum et al. (1999) selectively infused a MEK inhibitor into the hippocampus, our intraperitoneal administration of SL327 inhibits MEK throughout the central nervous system. Thus, the observed differences might be accounted for by involvement of MAPK activation in extra-hippocampal areas during spatial learning.
When administered post-training, SL327 produced no impairments in water maze performance, showing that inhibition of MAPK activation had virtually no effect on the performance of animals that had already learned the water maze task. This suggests that MAPK activation is required for the formation of memory, but is unnecessary for ongoing maintenance of memory. These results are consistent with the LTP studies involving MAPK performed by English et al. (1997) . In those studies, application of PD098059 before tetanization blocked the induction of LTP, but when applied 30 min after tetanization, PD098059 had no effect on the expression of established LTP.
SPECIFICITY OF SL327
In addition to implicating MAPK in acquisition of spatial learning as opposed to maintenance, the drug treatments on training day 6 also provide a very important control showing the specificity of SL327. During this training session, the drug treatments were reversed, so that subjects that had received vehicle now received SL327 and vice versa. The fact that vehicle-trained animals showed no impairment in the Morris water maze following injection with SL327 suggests that the drug had no detrimental effects on other performance factors such as motivation or motor abilities. Basically, the drug did not produce any effects that limited the animal's ability to successfully execute the task.
Other evidence also dismissed nonspecific effects of SL327 as a possible explanation for the learning impairments seen in these tests. Control experiments confirmed that SL327 had little effect on measurements of baseline behaviors, such as general activity levels, anxiety, and pain sensitivity. However, it should be mentioned that no control was performed for tone sensitivity, allowing for the possibility that the learning impairment observed in cue conditioning was due to an effect of SL327 on sensory processing. SL327 also had no effect on a variety of other kinases, including PKA, CaMKII, and PKC, as activity levels of these protein kinases in in vitro assays were insensitive to administration of the drug. Thus, the impairments in the learning tasks seen following administration of SL327 cannot be readily attributed to nonspecific actions of the drug.
DIFFERENTIAL BEHAVIORAL EFFECTS IN RATS AND MICE
The results of the present study in mice differed somewhat from the results obtained earlier from our laboratory with rats. In the fear conditioning studies conducted in rats, 50 and 100 mg/kg SL327 were capable of completely abolishing both contextual and cue learning. SL327 also blocked contextual conditioning in the present study with mice, but cue learning proved more resistant. Although 30 mg/kg SL327 significantly attenuated cued freezing compared with controls, mice still exhibited marked fear in response to the tone. In fact, a more intense training paradigm, in which tone and shock are paired three times, virtually eliminates any reduction in cue learning.
This discrepancy could arise from the fact that subjects were trained with different conditioned stimuli in the two studies. In Atkins et al. (1998) , rats were trained with a pure tone (2.8 kHz), whereas in the present study, mice were exposed to white noise. The white noise may act as a stronger cue because of its wider range of frequencies. Another more interesting possible explanation is that the signal-transduction pathways leading to cue learning are different in rats and mice. In light of these findings, we must be cautious not to assume that mice will merely mimic the performance of rats in behavioral tasks.
THE LOCUS OF SL327'S EFFECT
As with any other intraperitoneal injection study, one clear caveat remains; the exact anatomical site of action of SL327 has yet to be ascertained. Therefore, it is important to note that the effects of SL327 on activation of MAPK in the hippocampus and its effect on memory formation are not necessarily causal. Evidence suggests that contextual fear conditioning is both amygdala-and hippocampus-dependent, making it difficult to determine where SL327 is acting to produce its effects (Phillips and LeDoux 1992; Kim et al. 1993) . It remains unclear whether the hippocampus is the ultimate site of plasticity or whether it serves to supply the amygdala with the information necessary for forming associations between stimuli. Spatial learning, on the other hand, depends primarily on proper hippocampal function (Morris et al. 1982; Sutherland et al. 1982; Logue et al. 1997) . Because this task is dependent on only the hippocampus and not the amygdala, the results from the Morris water maze suggest that SL327's effects on learning are due, at least in part, to actions in the hippocampus.
MECHANISM OF ACTION
We have shown that the MEK inhibitor SL327 impairs two learning tasks, contextual fear conditioning and the hidden platform version of the Morris water maze. Both of these tasks are hippocampus-dependent, but the responses used to assess learning in these tasks are quite different. The fact that SL327 produced similar results in the two tasks suggests that MEK inhibition truly impairs hippocampal memory formation rather than merely producing task-specific performance defects. Because of the specificity of the inhibitor used, our studies therefore show the necessity of the MAPK cascade in the formation of associative and spatial memories in the mammalian nervous system.
How does MAPK activation contribute to learning and memory processes? The next step in further understanding the role of this cascade in mammalian learning requires investigating the contribution of numerous potential downstream effectors regulated by MAPK. For example, the effect on long-term facilitation in Aplysia is due in part to MAPK phosphorylation of a specific isoform of a cell-adhesion molecule (apCAM). Phosphorylation at MAPK sites leads to internalization and degradation of apCAM, lifting inhibitory constraints and allowing for synaptic reorganization (Bailey et al. 1997) . MAPK has been localized both pre-and postsynaptically in the hippocampus, providing an abundant source of potential targets. These targets include synaptic vesicle proteins (Jovanovic et al. 1996) , second messenger systems (Lin et al. 1993) , cytoskeletal proteins (Brugg and Matus 1991) , and voltage-gated ion channels such as Kv4.2 (J.P. Adams and A.E. Anderson, unpubl.).
The most attractive mechanism, however, may be linked to MAPK's role in gene expression. MAPK regulates a number of transcription factors including Elk-1 (Treisman 1996) and CREB (Impey et al. 1996 (Impey et al. , 1998 Roverson et al. 1999) . In addition, MAPK appears to mediate the phosphorylation of CREB by other kinase systems such as PKA and PKC (Impey et al. 1998; Roberson et al. 1999 ). CREB activation produced by both forskolin and phorbol esters requires MAPK, as MEK inhibitors block the activation of CREB in area CA1 of hippocampal slices. Gaining a better understanding of the regulation of gene expression by the MAPK cascade should provide important insight into the mechanisms underlying information storage at both the synaptic and the behavioral levels.
